to the mobilization of many elements (e.g., LILE and transition metals) and to significant disturbance of the Rb-Sr and U-Pb isotope systems, resulting in 1935 ± 150 and 3326 ± 270 Ma errorchron ages, respectively. The Sm-Nd isotope system was less disturbed, yielding an errorchron age of 2624 ± 160 Ma. On many binary major and trace element diagrams, the least altered anorthosites and leucogabbros, and the gabbros and mafic dykes of the Doré Lake Complex plot in separate fields, signifying the presence of two distinct magma types in the complex. The gabbros and mafic dykes in the Doré Lake Complex share the geochemical characteristics of tholeiitic basalts and gabbros in the Obatogamau Formation, suggesting a possible genetic link between the two rock associations. Initial εNd (+2.6 to +5.0) and δ 18 O (+6.1 to +7.9‰) values for the Doré Lake Complex and gabbros of the Obatogamau Formation (εNd = +2.8 to +4.0; δ 18 O = +7.3 to 8.0‰) are consistent with depleted mantle sources. All rock types in the Doré Lake Complex and the Roy Group share the trace element characteristics of modern arc magmas, suggesting a suprasubduction zone setting for these two lithological associations. On the basis of regional geology and geochemical data, we suggest that the Doré Lake Complex and the Obatogamau Formation represent a dismembered fragment of a suture zone, like many Phanerozoic ophiolites, resulting from closure of a back-arc basin between 2703 and 2690 Ma.
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in western Greenland and the Superior Province of the Canadian Shield (Windley and Garde 2009; Ashwal 2010; Hoffmann et al. 2012; Percival et al. 2012; Polat et al. 2015) . Examples of well-preserved anorthosite-bearing layered intrusions in the Superior Province include the Doré Lake, Bell River, Mulcahy Lake, Shawmere, Bird River, Pipestone, Bad Vermilion Lake and Nelson River complexes (Bell 1978; Simmons and Hanson 1980; Corkery 1985; Ashwal et al. 1983; Ashwal 1993; Morrison et al. 1985; Edgar and Sweeny 1991; Chown et al. 1992; Mortensen 1993; Maier et al. 1996; Peck et al. 1998 Peck et al. , 1999 Hartlaub et al. 2004; Gilbert 2007; Bédard et al. 2009; Yang et al. 2012; Yang and Gilbert 2014; Zhou et al. 2016 ). In addition, anorthosites occur in Proterozoic orogenic belts, Phanerozoic ophiolites and modern oceanic crust (Ashwal 1993 (Ashwal , 2010 . Archean anorthositebearing layered intrusions are typically associated with tholeiitic-to-calc-alkaline volcanic rocks of greenstone belts, and were intruded mainly by syn-to post-tectonic tonalite-trondhjemite-granodiorite suites (TTGs) (Ashwal et al. 1983; Myers 1976 Myers , 1985 Davis et al. 1988; ; Leclerc et al. 2011; Polat et al. 2015) . Given their temporal restriction to the Archean, spatial association with greenstone belts and syntectonic TTGs, and unique lithological characteristics, studies of anorthosite-bearing layered intrusions can provide significant new insights into petrogenetic, geodynamic and crustal growth processes that operated in the Archean. Despite their abundance and unique lithological characteristics, however, anorthosite-bearing layered intrusions are among the least-studied rock associations in Archean cratons. Thus their mantle source characteristics, petrogenetic evolution, geodynamic setting, and petrogenetic relationships with the spatially associated greenstone belts and TTGs are poorly understood. Similarly, the petrological and tectonic implications of these intrusions for Archean crustal growth processes have not been investigated in detail.
The following outstanding petrogenetic and geodynamic questions need to be addressed to better understand the origin of these intrusions: (1) what are the mantle source characteristics of Archean anorthosite-bearing layered intrusions? (2) Are these layered intrusions genetically related to the spatially associated volcanic rocks of greenstone belts? (3) Did Archean anorthosite-bearing layered intrusions intrude oceanic or continental crust? (4) What is the geodynamic setting(s) of these intrusions? (5) What is the geodynamic significance of these layered rocks for Archean geology? These questions can be best addressed by using a multi-disciplinary approach and modern analytical methods on well-exposed intrusions and the spatially associated greenstone belts and TTGs. The Chibougamau area in the Abitibi subprovince of the Superior Province (Fig. 1) is an ideal place to address these questions because it contains diverse volcanic rocks (basalt to rhyolite), an anorthosite-bearing layered intrusion (Doré Lake Complex) and syn-to post-tectonic TTGs Chown et al. 1992; Mortensen 1993; Bédard et al. 2009; Leclerc et al. 2011 ). In particular, Bédard et al. (2009) reported major and trace element data for six anorthosite-leucogabbro samples and used the equilibrium distribution and trapped melt fraction methods to determine the composition of the melts that crystallized to form the Neoarchean (ca. 2728 Ma) Doré Lake Complex.
The present study differs from previous investigations in that it presents extensive new field, petrographic, and whole-rock major and trace element (34 samples) geochemistry, plus Sm-Nd, U-Th-Pb and Rb-Sr isotope (19 samples), and whole-rock (10 samples) and plagioclase (13 samples) O isotope data for the Doré Lake Complex to address the petrogenetic and geodynamic questions listed above. In addition, we present new whole-rock major and trace element data for basalts and gabbros (23 samples) from the Obatogamau Formation in the Roy Group (Figs. 2, 3) to assess the possible petrogenetic relationship between the Doré Lake Complex and the spatially associated greenstone belt. Three gabbro samples from the Obatogamau Formation were also analysed for Nd, Pb, Sr and O isotopes to compare the mantle source characteristics of the Doré Lake Complex and the Obatogamau Formation. On the basis of new and published data, we revisit the Archean anorthosite petrogenesis and geodynamic models proposed for the Abitibi subprovince.
Regional geology Superior Province
The Superior Province is the largest and one of the most studied Archean cratons in the world ( Fig. 1 ; Card and Ciesielski 1986; Card 1990; Williams et al. 1991; Percival et al. 2012) . A widely accepted tectonic model for the Superior Province is one of subduction-accretion growth, involving the accretion of numerous microplates, oceanic island arcs, back-arcs, oceanic plateaus and turbidite deposits (Langford and Morin 1976; Devaney and Williams 1989; Card 1990; Williams 1990; Stott 1997; Williams et al. 1991; Sutcliffe et al. 1993; Calvert and Ludden 1999; Percival et al. 2012; Backeberg et al. 2014; Frieman et al. 2017 ). Recognition of large-scale thrust and strike-slip faults in the Abitibi, Pontiac, Wawa, Wabigoon, Opatica and Quetico subprovinces is consistent with a subduction-driven growth model (Poulsen et al. 1980; Dimroth et al. 1983; Davis et al. 1988; Sleep 1992; Benn et al. 1992; Chown et al. 1992; Camiré and Burg 1992; Kimura et al. 1993; Sawyer and Benn 1993; Mueller et al. 1996; Stott 1997; Calvert and Ludden 1999; Percival et al. 2006 Percival et al. , 2012 Backeberg et al. 2014) . Tectonic accretion models proposed for the Abitibi subprovince in particular and the Superior Province in general, however, have been challenged recently by several studies (Thurston 2002; Bédard 2006; Bédard et al. 2013; Bédard and Harris 2014) . Evidence cited in the literature in support of subduction-accretion models, nonetheless, continues to be overwhelming (Percival et al. 2012; Frieman et al. 2017) . That the details of the geodynamic processes that generated the Superior Province are currently not fully understood is underscored by this controversy.
Numerous integrated field and geochemical studies in the Superior Province have recognized two major volcanic associations: (1) a tholeiitic-to-calc-alkaline basalt-to-rhyolite association sharing the trace element compositions of modern subduction zone volcanic rocks; and (2) a tholeiitic basalt-to-komatiite association whose origin is attributed to the partial melting of mantle plumes Mueller 1996, 1997; Percival et al. 2012 Polat et al. 1998; Wyman 1999; Hollings and Wyman 1999; Hollings et al. 2000; Sproule et al. 2002; Leclerc et al. 2011; Lodge et al. 2015) . In addition, there are minor boninite, high-Mg andesite, Nb-enriched basalt, low-Ti tholeiite and adakite occurrences within the tholeiitic-tocalc-alkaline volcanic association (Polat and Kerrich 2006) .
Abitibi subprovince
The Abitibi subprovince is one of the most extensively studied Archean plutonic-volcanic terrains in the Superior Province (see Dimroth et al. 1982; Jackson and Fyon 1991; Ayer et al. 2002; Chown et al. 2002; Daigneault et al. 2002; Leclerc et al. 2011; Moyen and van Hunen 2012; Wyman 2013) . divided the Abitibi subprovince into three major parts including the Northern Volcanic Zone, Central Granite-Gneiss Zone, and Southern Volcanic Zone. On the basis of rock associations, history of deformation and U-Pb zircon ages, later studies have delineated the Northern and Southern Volcanic Zones only (see Chown et al. 1992; Jackson and Cruden 1995; Goodwin 1996; Mueller et al. 1996; Calvert and Ludden 1999; Daigneault et al. 2002 Daigneault et al. , 2004 . This subdivision, however, still remains controversial (see Ayer et al. 2002) . Both the Southern and Northern Volcanic Zones are dominated synvolcanic to postvolcanic TTG plutons, komatiites, pillow basalts, basaltic-to-rhyolitic bimodal volcanic associations, and east-west trending sedimentary sequences. Komatiites are abundant in the Southern Volcanic Zone, whereas anorthosite-bearing layered intrusions, such as the Doré Lake Complex near Chibougamau and the Bell River Complex near Matagami, are abundant in the Northern Volcanic Zone.
Periods of volcanic eruption in the Abitibi subprovince are broadly divided into three cycles: (1) 2730-2725 Ma; (2) 2720-2714 Ma; and (3) 2705-2700 Ma . Some volcanic rocks appear to have erupted as Leclerc et al. 2011) early as 2750 Ma . Eruption of volcanic rocks in all three cycles is attributed to subduction-related tectonic processes that were accompanied by synvolcanic granitoid emplacement . Studies in the Southern Volcanic Zone indicate that the subduction-related volcanism was coeval with mantle plume-related volcanism (Dostal and Mueller 1997; Ayer et al. 2002; Wyman et al. 2002) . The main compressional deformation took place between 2703 and 2692 Ma, which was followed by strikeslip faulting between 2690 and 2670 Ma and crustal extension at about 2660 Ma . Sedimentary rocks are generally younger than the igneous rocks, having a maximum depositional age of 2698 Ma (Davis 1992; Bleeker and Parrish 1996) . and revised (Leclerc et al. 2011 ) stratigraphy of the Chibougamau area (modified from Leclerc et al. 2011 Leclerc et al. (2011) 1 3
Like many other Archean terrains, the Northern Volcanic Zone is characterized by heterogeneous deformation consisting of alternating linear high-strain and low-strain domains. Chown et al. (1992) documented six phases of deformation in the Northern Volcanic Zone that occurred over a period of 25 Ma and resulted from north-south shortening in response to a single major orogenic event. North-south shortening was first recorded by near-vertical east-west trending folds and thrust faults. These events were followed by east-and southeast-trending right-lateral strike-slip faults. The faults controlled the emplacement of syntectonic TTG plutons between 2703 and 2690 Ma (Chown et al. 1992 . Contact between the Northern Volcanic Zone and the plutonic Opatica belt is marked by 4-to 5-km-wide zone of mylonitic rocks with shear-sense indicators suggesting south-over-north tectonic movement (Chown et al. 1992 .
Geochronological studies suggest that magmatism in the entire Abitibi subprovince was broadly contemporaneous from south to the north (see Corfu 1993; Davis et al. 2000; Ayer et al. 2002) . Plutonic rocks in the Abitibi subprovince are divided into three groups, including 2740-2698 Ma synvolcanic, 2705-2680 Ma syntectonic and 2665-2640 Ma post-tectonic (see Corfu 1993; Davis et al. 2000; Ayer et al. 2002) . These plutonic rocks are predominantly juvenile in nature and do not contain large amounts of older recycled crust (Vervoort et al. 1994; Bédard and Ludden 1997; Ayer et al. 2002) . Chown et al. (2002) showed that the origin of the granitoid rocks is closely related to tectonic processes and that they have subduction zone geochemical characteristics.
On the basis of structural and Lithoprobe seismic reflection data, Lacroix and Sawyer (1995) demonstrated that the northwestern segment of the Abitibi subprovince represents a crustal-scale fold and thrust belt, resulting from a southto-southwest verging tectonic movement in response to north-south crustal thickening. Calvert and Ludden (1999) showed that the southern and northern boundaries of the Abitibi subprovince are marked by suture zones separating the subprovince from the Pontiac metasedimentary and the Opatica plutonic subprovinces, respectively (Fig. 1) . These suture zones are characterized mainly by sedimentary-dominated tectonic wedges. Daigneault et al. (2002) presented a detailed tectonic evolution model for the Abitibi subprovince using field relationships, and structural and geochronological data. They concluded that the subprovince was deformed mainly by compressional and right-lateral transpressional deformation resulting from oblique plate convergence. The geological characteristics of the Northern Volcanic Zone are consistent with a dextral transpressional tectonic regime. The subprovince was generated by accretion of the Northern Volcanic Zone, Southern Volcanic Zone and Pontiac subprovince during oblique convergence involving two contemporaneous subduction zones beneath the Northern and Southern Volcanic Zones (i.e., the Blake River and eastern Malartic segments). The Northern and Southern Volcanic Zones are linked by the crustal-scale right-lateral Destor-Porcupine-Manneville strike-slip fault zone in which deformation appears to have migrated from north to south. The Cadillac-Larder Lake Fault Zone separates the Abitibi and Pontiac subprovinces. The Northern Volcanic Zone is interpreted to be a separate arc in the northern part of the subprovince (Daigneault et al. 2002) . Ayer et al. (2002) provided a review of geochronological, magmatic, sedimentological, structural and geochemical processes recorded in the Southern Volcanic Zone. On the basis of U-Pb zircon geochronology and mapping, Ayer et al. (2002) suggested that the southern Abitibi subprovince contains nine autochthonous supracrustal assemblages, including variable proportions of komatiite, tholeiitic basalt, calc-alkaline basalt-to-rhyolite and minor sedimentary rocks. Most assemblages include both tholeiitic and calc-alkaline volcanic rocks. The autochthonous deposition of volcanic and sedimentary rocks in the southern part of the Abitibi subprovince over 50 million years is attributed to a long-lived plume-subduction interaction .
Chibougamau area
The Chibougamau area is located in the northeastern section of the Northern Volcanic Zone of the Abitibi subprovince (Figs. 1, 2; Dimroth et al. 1984; Mueller et al. 1989; Mueller 1991; Chown et al. 1992; Bédard et al. 2009; Leclerc et al. 2011) . It is bordered by the Grenville Province to the east and southeast, and by the Opatica subprovince to the north. The metamorphism in the area ranges from greenschist to amphibolite facies. The highest metamorphic grade occurs in contact metamorphic aureoles developed at the borders of the synvolcanic plutons.
On the basis of detailed field mapping, recognized at least three phases of Archean and one phase of Grenvellian deformation in the area. Deformation phase 1 (D 1 ) is characterized by north-south folds without well-developed axial plane foliation. East-west D 2 folds are the most prominent structures in the area that include the Waconichi, Chibougamau and Chapais synclines and the Chibougamau anticline ). Plutons were emplaced in the cores of major anticlines. D 2 also includes reverse faults, mesoscopic isoclinal folds and axial planar schistosity produced by a north-south shortening deformation event . D 3 deformation is represented by small-scale folds, kink bands and crenulation cleavage, which are interpreted to have been formed towards the end of regional deformation.
East-west trending synclinal basins are filled with younger sedimentary rocks and bordered by the east-west striking D 2 reverse faults. Grenvillian deformation (1110-970 Ma) is mainly restricted to the eastern part of the area.
Lithologically, the Chibougamau area consists mainly of synvolcanic and syntectonic TTG plutons, basaltic-torhyolitic bimodal cyclic volcanic rocks, siliciclastic sedimentary rocks, layered mafic-to-ultramafic sills, and an anorthosite-bearing layered intrusion termed the Doré Lake Complex (Allard et al. 1979 (Allard et al. , 1985 Mueller et al. 1989; Leclerc et al. 2011; Béd-ard et al. 2009) (Figs. 2, 3) . suggested that the supracrustal rocks, including the pillow basalts and minor felsic pyroclastic rocks, formed during an extensional tectonic regime.
The Doré Lake Complex consists mainly of anorthosites, leucogabbros and gabbros, and it has a preserved thickness of between 5 and 7 km (Figs. 4, 5) (Allard 1976; ). The complex is subdivided into five zones including the anorthosite, gabbro-magnetite, ferrodiorite, soda-granophyre, and gabbroic-to-pyroxenitic zones . Cumulate textures and megacrystic plagioclase are well preserved in the anorthosites and leucogabbros (Figs. 4, 5) . The gabbros, however, rarely exhibit a cumulus texture. Both the anorthosites and leucogabbros are intruded by mafic dykes and pods of gabbro (Figs. 5e, f, 6a) . The leucogabbros grade into the anorthosite by increasing the plagioclase content (Figs. 4,  5) . The ages of the mafic dykes and gabbroic pods are currently unknown. The complex also contains vanadium-and titanium-bearing magnetite layers (Taner et al. 1998 ). The Doré Lake Complex was emplaced into the basaltic-to-gabbroic rocks of the Obatogamau Formation in the Roy Group at about 2728 Ma, and it is coeval with the felsic volcanic rocks of the Waconichi Formation (Mortensen 1993; Béd-ard et al. 2009; Leclerc et al. 2011) . Supracrustal rocks in the Chibougamau area, including bimodal basalt-to-rhyolite volcanic rocks, pyroclastic rocks, banded iron formations and siliciclastic sedimentary rocks, are collectively known as the Roy Group (Allard et al. 1979 (Allard et al. , 1985 Mueller et al. 1989; Leclerc et al. 2011; Bédard et al. 2009 ). The Roy Group is intruded by the 2728 Ma Doré Lake Complex, the 2718-2714 Ma synvolcanic TTGdominated Chibougamau pluton, and the 2717-Ma maficto-ultramafic sills of the Cumming Complex (Figs. 2, 3; Krogh 1982; Chown et al. 1992; Mortensen 1993; Bédard et al. 2009; Leclerc et al. 2011) .
Field, geochronological and geochemical studies indicate that the supracrustal rocks in the Roy Group formed during two volcanic cycles (Ludden et al. 1984; Leclerc et al. 2011, and references therein) . Each cycle consists of several kilometres of thick tholeiitic basalts on the bottom with thin felsic volcanic and volcaniclastic rocks interlayered with banded iron formation and chert on the top. Based on new mapping and geochronological and geochemical studies, Leclerc et al. (2011) revised the previous stratigraphy of the Roy Group to the north of the Doré Lake Complex (Figs. 2, 3 ) and suggested that the term "Gilman Formation" should no longer be used in the stratigraphic nomenclature of the Chibougamau area. In the revised stratigraphy, the lower part of the Gilman Formation was redefined as the David Member and reassigned to the Obatogamau Formation, the upper part redefined as the Allard Member and reassigned to the Waconichi Formation, and the uppermost part renamed as the Bruneau Formation as a new formation. The Obatogamau and Blondeau Formations were preserved in the new stratigraphic nomenclature, but the Upper Member of the Obatogamau Formation was reassigned to the David Member (Fig. 3) . The Roy Group is unconformably overlain by the Opémisca Group, which consists mainly of siliciclastic Dimroth et al. 1983; Mueller 1991; Mueller and Corcoran 1998; Leclerc et al. 2011) . The uplifting and unroofing of the Roy Group, Doré Lake Complex and synvolcanic plutons provided sediments for the Opémisca Group (Dimroth et al. 1986; Mueller 1991; Chown et al. 1992; Mueller and Corcoran 1998) .
The Obatogamau and Waconichi Formations constitute cycle 1 of the Roy Group. The Obatogamau Formation is composed of voluminous, 3-4 km thick, basalts with massive-to-pillowed structures and gabbroic sills (Figs. 3, 6) . The Waconichi Formation is composed mainly of up to 800 m of felsic lavas and pyroclastic rocks. The felsic volcanic rocks of cycle 1 and the cogenetic dykes were emplaced, on or intruded into the subaqueous basalts between 2730 and 2725 Ma (Chown et al. 1992; Mortensen 1993 ). This was followed by the extrusion of cycle 2 volcanic rocks between 2722 and 2712 Ma. The Bruneau and Blondeau Formations include the volcanic rocks of cycle 2 in the Roy Group (Fig. 3) . The Bruneau Formation consists of tholeiitic massive-to-pillowed basalts. The Blondeau Formation is composed of 2-3 km thick, volcanogenic siliciclastic turbidites, rhyolites, basalts and volcaniclastic rocks that represent a transition to the overlying the Opémisca Group. Sedimentary rocks of cycle 2 appear to have been deposited in a variety of basins that include deep-marine slope, shallow-marine and alluvial fan setting Chown et al. 1992) . Gabbroic sills are intruded throughout the Roy Group ). Mueller et al. (1989) suggested that the volcanic cycles represent the deposition of extensive seafloor basaltic flows, followed by the construction of felsic volcanoes, and then uplift and erosion of the volcanic sequences resulting in the deposition of siliciclastic and volcaniclastic sedimentary rocks.
The 2717 Ma Cummings Complex was emplaced as three differentiated sills into the Bruneau and Blondeau (Mortensen 1993; Bédard et al. 2009; Leclerc et al. 2011) . On the basis of field and petrographic characteristics, the Cummings Complex is divided into three internally differentiated sills, named the Roberge, Ventures and Bourbeau sills (Fig. 3 ). These sills are composed mainly of several hundreds of metres in thickness of gabbro, peridotite and pyroxenite with minor dunite, diorite and granophyre (Figs. 3, 6) . Contacts between the Cummings Complex and host rocks of the Roy Group are commonly marked by thrust faults ( Fig. 6 ; see also Fig. 4 in Bédard et al. 2009 ).
Felsic intrusive rocks were emplaced during two stages at 2722-2714 Ma as synvolcanic intrusions and at 2703-2690 Ma as syntectonic intrusions Chown et al. 1992; Mortensen 1993) . The emplacement of the synvolcanic plutons such the 2718 Ma Chibougamau pluton between 2722 and 2714 Ma indicates a major phase of magmatic activity during volcanic cycle 2. These plutons were intruded into the cores of the D 2 anticlines (Fig. 2) . Compositionally, the synvolcanic plutons are mainly polyphase tonalites and diorites. The nature of the contacts between different phases of plutons ranges from sharp to gradual. The borders of the synvolcanic plutons are marked by 1-to 3-km-wide strongly deformed, commonly mylonitized and transposed, contact aureoles extending well into the neighbouring supracrustal rocks Chown et al. 1992 ). The 2703-2690 Ma syntectonic plutons were emplaced during regional deformation. Syntectonic plutons occur at the edges of synvolcanic plutons or between layered intrusions and supracrustal rocks. These plutons are composed mainly of monzodiorite, tonalite and granodiorite that are cut by compositionally similar dykes. Some of the intrusions contain hornblendite and diorite xenoliths at their margins. Post-tectonic plutons occur along the late-tectonic structures and are composed mainly of granodiorite with a less voluminous association of syenite and carbonatite (Chown et al. 1992) .
Sampling
Sampling was conducted in the Neoarchean Doré Lake Complex and the spatially and temporally associated Obatogamau Formation of the Roy Group in the Chibougamau area (Figs. 1, 2, 3). Sampling in the Doré Lake Complex included anorthosites, leucogabbros, gabbros and mafic dykes, whereas sampling in the Obatogamau Formation was focused on basalts and gabbros (Figs. 2, 3, 4, 5, 6) . The sample weights ranged from 3 to 6 kg. The Global Positioning System (GPS) coordinates for the sample locations are given in Supplementary Tables 1 and 2 .
Analytical methods
A scanning electron microscope-energy dispersive X-ray spectrometer (SEM-EDS) equipped with a back scattered electron (BSE) imaging unit and a transmitted light microscope were used at the University of Windsor to study the mineralogical composition and texture of the samples.
Samples were also analysed for major and trace elements, and for Nd, Pb, Sr and O isotopes. Details of major and trace element, Rb-Sr, Sm-Nd and U-Th-Pb isotope, and O isotope analyses are given in Polat et al. (2016) , Wu et al. (2016) , and Polat and Longstaffe (2014) , respectively. Therefore, only a short summary of the analytical methods is presented here.
Major and trace elements
Major elements were analysed by ICP at Activation Laboratories Ltd. (Actlabs) in Ancaster, Ontario, Canada. The values for loss-on-ignition (LOI) were calculated by weight loss upon heating at 1100 °C for 3 h. The samples were fused with a mixture of lithium metaborate and lithium tetraborate, and then dissolved in 5% nitric acid solution. Totals for major element oxides are 100±1.5 wt %. Reproducibility of analyses is better than ±5% of the amount present. Detection limits and the results of standard and duplicate analyses are given in Polat et al. (2016) .
Trace element analyses were conducted at Geoscience Laboratories (Geo Labs) in Sudbury, Ontario, using ICP-MS following the analytical procedure described in Burnham et al. (2002) , Burnham and Schweyer (2004) and Schweyer (2006) . The samples were digested by using multi-acid techniques (method code IMC-100). Reproducibility of most element analyses is generally better than ±10% of the amount present (see Polat et al. 2012 Polat et al. , 2016 .
Anomalous element ratios including Eu/Eu*, Ce/Ce*, Nb/Nb*, Sr/Sr*, Pb/Pb*, Zr/Zr* and Ti/Ti* were calculated following Taylor and McLennan (1985) . Mg-numbers (%) were calculated as the molecular ratio of Mg/(Mg + Fe 2+ ), where Fe 2+ is assumed to be 90% of total Fe. Trace elements were normalized to N-MORB (Sun and McDonough 1989) for geochemical interpretation.
Sm-Nd, U-Th-Pb and Sr isotope analyses
Twenty-two samples were analysed for Sm-Nd, U-Th-Pb and Sr isotopes using a VG Sector 54 IT thermal ionization mass spectrometer (TIMS) at the Geological Institute, University of Copenhagen, Denmark. Samples were mixed with a 150 Nd/ 147 Sm spike before digestion. Samples were dissolved in concentrated HNO 3 , HCl and HF within Savillex™ beakers on a hotplate at 130 °C for 3 days (see Frei and Polat 2013; Wu et al. 2016 for details).
Chromatographic separation columns charged with 12 ml AG50W-X 8 (100-200 mesh) cation resin were used for Sr and REE separation. Samarium and Nd were further separated using smaller chromatographic columns containing Eichrom's™ LN resin SPS (Part#LN-B25-S). Strontium fractions were purified using a standardized 3 M HNO 3 -H 2 O elution recipe on self-made disposable mini-extraction columns including mesh 50-100 SrSpec™ (Eichrom Inc.) resin. Separation of Pb was performed using conventional glass and miniature glass stem anion exchange columns containing 1 ml and 200 μl of 100-200 mesh Bio-Rad AG 1 × 8 resin, respectively.
Neodymium and Sm isotopes were collected in a multidynamic routine and in a static multi-collection mode, respectively, using a triple Ta-Re-Ta filament assembly. Mass bias correction of the measured Nd isotope ratios was made using the Nd ratios is better than 2% (2σ). Lead isotopes were measured in a static multi-collection mode and fractionation was controlled by repeated analysis of the NBS 981 standard (using values of Todt et al. 1993) . Total procedural blanks were below 200 pg Pb, which are insignificant with respect to influencing the common lead isotope ratios beyond the significant third digit.
Hundred ng loads of the NBS 987 Sr standard gave 87 Sr/ 86 Sr = 0.710245 ± 0.000018 (n = 5, 2σ). The 87 Sr/ 86 Sr values of the samples were corrected for the offset relative to the certified NIST SRM 987 value of 0.710250. 87 Rb/ 86 Sr ratios were calculated using ICP-MS Rb and Sr data.
Oxygen isotope analyses
Ten whole-rock samples, and seven fresh and six altered plagioclase separates were analysed for oxygen isotope compositions. In addition, three whole-rock gabbro samples from the Obatogamau Formation were analysed for comparison with the Doré Lake Complex samples. The sample selection was designed to assess the isotopic differences between least and most altered samples, and hence understand the effects of metamorphic alteration on the plagioclase oxygen isotope composition. Minerals were separated at the University of Windsor. Crushed-samples were cleaned with distilled water, after which the fresh plagioclase and altered plagioclase grains were hand-picked using a reflected binocular microscope (see Polat and Longstaffe 2014) . Scanning electron microscope observations indicate that altered plagioclase grains were extensively recrystallized and replaced mainly by epidote group minerals. The alteration mineralogy was confirmed by powder XRD at the Laboratory for Stable Isotope Science, The University of Western Ontario (LSIS), London (Ontario), Canada. Most of the fresh plagioclase grains also contain 10-15% inclusions of epidote group minerals.
Oxygen isotope analyses were carried out at LSIS. Approximately 8 mg of sample powder were weighed into spring-loaded sample holders, evacuated overnight at ca. 150 °C, and then placed into nickel reaction vessels and heated in vacuo at 300
• C for further 3 h to remove surface water (see Polat and Longstaffe 2014; Zhou et al. 2016) . The samples were then reacted overnight at ca. 580 °C with ClF 3 to release silicate-bound oxygen [Borthwick and Harmon (1982) following Clayton and Mayeda (1963) ]. The oxygen was converted to CO 2 over red-hot graphite, followed by isotopic measurement using a Micromass Optima II dual-inlet, stable-isotope-ratio mass spectrometer.
The oxygen isotopic data are reported as δ-notation in parts per thousand (‰) relative to Vienna Standard Mean Ocean Water (VSMOW). Details of the calibration to VSMOW are given in Polat and Longstaffe (2014) . The average reproducibility of δ 18 O for samples was ±0.22‰ (n = 4). Accuracy was determined using VSMOW-SLAP calibrated internal laboratory quartz, basalt and CO 2 gas standards yielding δ 18 O of +11.60 ± 0.22‰ (n = 7), 7.49 ± 0.15‰ (n = 6) and +10.20 ± 0.10‰ (n = 7), respectively. These results compare well with their expected values of +11.5, +7.5 and +10.3‰, respectively.
Petrography
Representative photomicrographs and SEM-BSE images of the anorthosites, leucogabbros, gabbros and mafic dykes in the Doré Lake Complex are presented in Figs. 7, 8, 9, 10 and 11. Although outcrop-scale cumulate textures are well preserved in the anorthosites and leucogabbros (Figs. 4, 5) , almost all of the primary igneous minerals have been extensively recrystallized in these rocks (Figs. 7, 8, 9, 10, 11) . Despite the extensive recrystallization, pseudomorphs of cumulate plagioclase crystals and interstitial minerals are locally preserved (Figs. 5, 6, 7, 8) . SEM-EDS analyses indicate that the plagioclase crystals are predominantly anorthite and albite (Figs. 9, 10, 11) .
The anorthosites are composed mainly of anorthite + albite + epidote + chlorite + calcite + titanite ± quartz ± apatite ± sericite ± muscovite ± rutile (Figs. 7, 9 ). The leucogabbros are mineralogically similar to the anorthosite, consisting mainly of anorthite + albite + epidote + chlorite ± sericite ± calcite ± actinolite ± quartz ± sericite ± titanite (Figs. 7, 8, 9) . Albite is replaced by muscovite and sericite in the samples that were collected in the vicinity of shear zones. Cumulate texture is only locally preserved in the gabbros (Fig. 7d) . The gabbros are characterized by anorthite + albite + chlorite + epidote + titanite ± rutile ± quartz ± pyrite ± magnetite ± ilmenite (Figs. 7, 8, 10, 11) . Plagioclase in the anorthosites, leucogabbros and gabbros is mainly replaced by anhedralto-euhedral epidote (Figs. 9, 10 ). In the anorthosites, leucogabbros and gabbros, albite occurs as anhedral patches within anhedral anorthite (Figs. 9, 10) . The mafic dykes consist of chlorite + albite + epidote + actinolite + quartz ± titanite ± magnetite ± ilmenite (Figs. 7, 8, 10, 11) .
Basalts in the Obatogamau Formation are composed predominantly of chlorite + plagioclase + epidote ± calcite ± quartz ± titanite ± opaque minerals (Fig. 12) . Because of extensive deformation and metamorphic recrystallization, relict igneous textures are preserved only in low-strain areas (Fig. 12a) . Amygdular basalts contain 1-to 5-mm-long calcite, quartz, and chlorite amygdules (Fig. 12d) . The gabbros of the Obatogamau Formation consist of plagioclase + chlorite + epidote ± calcite ± quartz ± titanite ± opaque minerals (Fig. 12f) .
Geochemical results
Major and trace elements
Doré Lake Complex
Anorthosites The anorthosites display large variations in Fe 2 O 3 (0.9-8.8 wt%), MgO (0.23-6.5 wt%), TiO 2 (0.06- On the basis of REE patterns, the anorthosites can be divided into four groups ( Fig. 15; Supplementary Table 1 ). Group 1 is characterized by flat-to-slightly enriched LREE (La/Sm cn = 0.99-2.94; La/Yb cn = 1.23-4.40) and slightly depleted HREE (Gd/Yb cn = 1.14-1.34) patterns, variably negative Nb (Nb/Nb* = 0.17-0.60) and negative-to-slightly positive Ti (Ti/Ti* = 0.34-1.06) anomalies ( Fig. 15a ; Supplementary Table 1 ). The group has large positive Eu (Eu/Eu* = 1.62-2.90), Sr (Sr/Sr* = 5.08-9.00) and Pb (Pb/Pb* = 8.2-55) anomalies ( Fig. 15a; Supplementary  Table 1 ). Cerium (Ce/Ce* = 0.95-1.00) anomalies are minor to absent. Group 2 has slightly concave-up HREE and more fractionated LREE patterns (La/Sm cn = 2.57-9.41; Ga/Yb cn = 0.96-3.21; La/Yb cn = 4.74-57) than Group 1 (Fig. 15b; Supplementary Table 1 ). Like Group 1 anorthosites, Group 2 anorthosites display negative Nb (Nb/Nb* = 0.01-0.29) anomalies, whereas the Eu (Eu/ Eu* = 2.50-7.70), Sr (Sr/Sr* = 13.2-25.0) and Pb (Pb/ Fig. 8 Photomicrographs of the anorthosites (a, b), leucogabbros (c), gabbros (d) and mafic dykes (e, f) in the Doré Lake Complex, displaying intense metasomatic and/or hydrothermal alteration. None of the primary minerals are preserved. pl plagioclase, ch chlorite, r-pl replaced plagioclase, ep epidote group minerals, se sericite Pb* = 55-150) anomalies are strongly positive ( Fig. 15b;  Supplementary Table 1 ). These anorthosites have small negative Ce (Ce/Ce* = 0.90-0.99) anomalies. Group 3 is represented by only one sample (DL2014-15) that has a moderately depleted LREE (La/Sm cn = 0.63) pattern, negative Nb (Nb/Nb* = 0.37) and Zr (Zr/Zr* = 0.32) anomalies, and positive Eu (Eu/Eu* = 1.38), Pb (Pb/Pb* = 9.2) and Sr (Sr/Sr* = 4.03) anomalies (Fig. 15c) . Group 4 has the following trace element characteristics: (1) depletedto-slightly enriched LREE (La/Sm cn = 0.51-1.18; La/ Yb cn = 0.71-1.03) and moderately depleted HREE (Gd/ Yb cn = 1.12-1.40) patterns; (2) zero-to-positive Eu (Eu/ Eu* = 0.98-3.26) and negative-to-minor positive Ce (Ce/ Ce* = 0.86-1.05) anomalies; (3) variably large positive Pb (Pb/Pb* = 3.7-23) anomalies; and (4) negative-to-positive Nb (Nb/Nb* = 0.29-2.18) and Ti (Ti/Ti* = 0.29-3.76) anomalies ( Fig. 15d; Supplementary Table 1 Based on their REE patterns, the leucogabbros are divided into three groups ( Fig. 16a-c ; Supplementary Table 1 ). Group 1 exhibits moderately fractionated REE (La/Sm cn = 1.08-1.33; Gd/Yb cn = 1.22-1.44; La/ Yb cn = 1.54-2.18) patterns, positive Eu (Eu/Eu* = 1.76-3.42), Pb (Pb/Pb* = 2.6-10.5) and Sr (Sr/Sr* = 3.3-3.79) anomalies, and negative Nb (Nb/Nb* = 0.29-0.44) anomalies (Fig. 16a) . Cerium (Ce/Ce* = 1.00-1.03) anomalies are absent. Group 2 is characterized by more fractionated LREE (La/Sm cn = 1.52-2.95; La/Yb cn = 1.94-8.86) patterns than Group 1 and has slightly concave-up HREE (Gd/Yb cn = 1.13-1.70) patterns ( Fig. 16b ; Supplementary Table 1 ). It exhibits negative Nb (Nb/Nb* = 0.08-0.42) and Zr (Zr/Zr* = 0.26-0.89) anomalies, and positive Eu (Eu/Eu* = 2.95-3.68), Pb (Pb/Pb* = 16.9-46.5) and Sr (Sr/Sr* = 8.90-13.94) anomalies ( Fig. 16b ; Supplementary Table 1 ). Group 3 is represented by only one Fig. 10 Scanning electron microscope (SEM) back-scatter electron (BSE) images showing the petrographic characteristics of the gabbros (a-d) and mafic dykes (e, f). ac actinolite, qz quartz, ch chlorite, ab albite, an anorthite, ti titanite, ep epidote group minerals sample, displaying a fractionated REE (La/Sm cn = 3.03; Gd/Yb cn = 1.36; La/Yb cn = 6.08) pattern, with positive Eu (Eu/Eu* = 2.88), Pb (Pb/Pb* = 10.8), Sr (Sr/Sr* = 5.81) and Ce (Ce/Ce* = 1.12) anomalies, and negative Nb (Nb/ Nb* = 0.06), Ti (Ti/Ti* = 0.67) and Zr (Zr/Zr* = 0.36) anomalies (Fig. 16c) .
Gabbros Five gabbro samples were analysed from the Doré Lake Complex (Supplementary Table 1 ). SiO 2 spans from 42.9 to 51.6 wt% and MgO concentrations vary between 2.8 and 7.2 wt% (Figs. 13, 14) . These gabbros have moderate variations in Fe 2 O 3 (11.0-16.5 wt%), CaO (8.5-11.6 wt%) and TiO 2 (1.01-1.85 wt%), and large variations in Na 2 O (0.99-3.6 wt%), K 2 O (0.02-0.84 wt%), Ni (11-82 ppm), Cr (7-251 ppm) and Ba (4-226 ppm) (Supplementary Table 1 ). Their Mg-numbers span from 29 to 51. Al 2 O 3 /TiO 2 (8-15) and Nb/Ta (14.0-17.2) ratios are subchondritic.
The gabbros are divided into two groups on the basis of their REE patterns (Figs. 16d, 17a) . Group 1 is characterized by flat LREE (La/Sm cn = 0.95-1.03) and depleted HREE (Gd/Yb cn = 1.13-1.27) patterns, and negative-to-positive Eu (Eu/Eu* = 0.79-2.91) anomalies (Fig. 16d) . They have positive Pb (Pb/Pb* = 7.9-9.3) and negative Nb (Nb/Nb* = 0.50-0.61) and Zr (Zr/Zr* = 0.83-0.84) anomalies. Group 2 has more fractionated REE (La/ Sm cn = 0.95-1.03; Gd/Yb cn = 1.68-2.54; La/Yb cn = 2.38-4.40) patterns than Group 1 (Figs. 16d, 17a ) but also negative Nb (Nb/Nb* = 0.15-0.68) and Zr (Zr/Zr* = 0.30-0.89) anomalies like Group 1.
Mafic dykes
The mafic dykes are characterized by variable SiO 2 (41.6-48.4 wt%), TiO 2 (1.13-2.22 wt%), CaO (6.0-11.9 wt%), MgO (4.6-14.5 wt%), Fe 2 O 3 (13.6-18.4 wt%) and Na 2 O (1.5-2.1 wt%) contents (Figs. 13, 14 Table 1 ). In many major and trace element variation diagrams, the gabbros and mafic dykes plot in a separate field from the anorthosites and leucogabbros (Figs. 13, 14) .
Trace element patterns are consistent with two different groups (Fig. 17b, c) . Group 1 has more coherent patterns than Group 2. Group 1 has the following trace element characteristics: (1) flat-to-slightly enriched LREE patterns (La/Sm cn = 1.02-1.12) and slightly depleted HREE (Gd/ Yb cn = 1.16-1.26) patterns; (2) small negative Eu (Eu/ Eu* = 0.91-1.01) anomalies; (3) large positive Pb (Pb/ Pb* = 3.7-6.7) anomalies; and (4) moderately negative Nb (Nb/Nb* = 0.49-0.54) and Zr (Zr/Zr* = 0.80-0.87) anomalies ( Fig. 17b; Supplementary Table 1 ). Titanium (Ti/ Fig. 12 Photomicrographs of the basalts (a-e) and gabbros (f) in the Obatogamau Formation of the Roy Group displaying intense metamorphic recrystallization and hydrothermal alteration. pl plagioclase, ch chlorite, qz quartz, ti titanite, ep epidote group minerals, ca calcite Ti* = 0.92-1.02) anomalies are minor or absent. Group 2 has depleted-to-enriched LREE (La/Sm cn = 0.53-1.57) and HREE (Gd/Yb cn = 0.31-1.09) patterns, and positive Eu (Eu/Eu* = 1.39-1.46), Zr (Zr/Zr* = 5.44-6.40), Ti (Ti/ Ti* = 1.21-7.46) and Nb (Nb/Nb* = 1.48-1.77) anomalies ( Fig. 17c; Supplementary Table 1) . Gabbros SiO 2 (44.5-50.3 wt%) contents of the gabbros are similar to those of the spatially associated basalts (43.9-51.1 wt%) ( Fig. 13; Supplementary Table 2 ). Overall, however, the gabbros have variably higher MgO (5.6-8.6 wt%) contents than the basalts (2.3-7.6 wt%) (Figs. 13, 14; Supplementary Table 2). Other major elements have similar ranges in both rock types (Supplementary Table 2 Tables 1 and 2) (41-49 ppm), Co (39-57 ppm) and Ga (16-19 ppm) contents. Sample DL2014-89 is anomalous in that it has the lowest Mg-number (38 versus 52-58) and Al 2 O 3 /TiO 2 (8) ratio among five samples. The gabbros have moderately depleted-to-flat LREE (La/Sm cn = 0.75-1.03) and HREE (Gd/Yb cn = 0.94-1.22) patterns (Fig. 18c) . On the N-MORB-normalized diagrams, they share the positive Pb (Pb/Pb* = 3.8-14.9) and Sr (Sr/Sr* = 1.8-5.0) anomalies and the negative Nb (Nb/ Nb* = 0.51-0.70) and Zr (Zr/Zr* = 0.83-0.95) anomalies of the spatially associated basalts (Fig. 18) . Cerium (Ce/ Ce* = 0.98-1.02) and Eu (Eu/Eu* = 1.0-1.06) anomalies are absent. Like the basalts, the gabbros have a tholeiitic affinity as suggested by their Th/Yb (0.07-0.14) and Zr/Y (2.3-2.9) ratios (Supplementary Table 2 ; cf., Ross and Béd-ard 2009 ).
Obatogamau Formation Basalts
Radiogenic isotopes
Sm-Nd isotopes The Sm and Nd isotopic compositions of the anorthosites, leucogabbros, gabbros and mafic dykes in the Doré Lake Complex are presented in Supplementary (Fig. 19a) . This errorchron age agrees, within analytical uncertainties, with the ca. 2728 Ma age obtained for quartz-bearing pyroxenites and granophyres of the Doré Lake Complex (Mortensen 1993 (Fig. 19c) . This age is substantially lower than the ca. 2728 Ma crystallization age of the Doré Lake Complex (Mortensen 1993 
O isotopes
The whole-rock O isotope compositions of the anorthosites and gabbros, and of the fresh and altered plagioclase separates are presented in Supplementary Table 6 . As shown in the petrography section, all rock types in the Doré Lake Complex and the Obatogamau Formation underwent extensive metamorphic recrystallization, resulting in widespread epidotization and chloritization (Figs. 7, 8, 9, 10, 11, 12) . Scanning electron microscope observations indicate that most plagioclase grains in the anorthosites, leucogabbros and gabbros are recrystallized and contain 10-to 30-μm-long inclusions of epidote group minerals (Figs. 8, 9 , 10, 11, 12, 13). We could not obtain 100% fresh plagioclase grains because of the widespread presence of epidote inclusions. Grains defined as "fresh" still contain 10-15% epidote. Altered grains contain mainly >80% epidote group minerals. 
The δ 18 O of the anorthosites range from +6.05 to +7.85‰ (average = +6.8‰). The δ 18 O (+6.27 to +7.13‰; average = +6.8‰) of the gabbros is similar to the anorthosites. Fresh and altered plagioclase separates yielded δ 18 O ranging from +6.22 and +7.13‰ (average = +6.8‰) and +4.77 and +7.96‰ (average = +6.6‰), respectively. The gabbros from the Obatogamau Formation have slightly higher δ 18 O (+7.27 to +7.97‰; average = +7.66‰) than the anorthosite and gabbros from the Doré Lake Complex.
Discussion
Effects of metamorphism on element mobility
Field and petrographic observations indicate that the Doré Lake Complex underwent extensive recrystallization under greenschist facies metamorphic conditions (Figs. 4, 5, 6, 7, 8, 9, 10, 11) , leading to extensive replacement of primary igneous minerals mainly by epidote group minerals (e.g., epidote, clinozoisite) and chlorite. Although cumulate textures are well preserved in many parts of the complex, almost all primary igneous minerals have been replaced by secondary metamorphic minerals (Figs. 4, 5, 6, 7, 8, 9, 10, 11) . Similarly, the rocks in the Roy Group were metamorphosed under mainly greenschist facies conditions (Fig. 12 ) Bédard et al. 2009; Leclerc et al. 2011 ; this study). Accordingly, the effects of metamorphic alteration on the geochemistry of the Doré Lake Complex and the Roy Group need to be assessed before any petrogenetic interpretation. Given that the effects of metamorphism on the Roy Group and the Cummings Complex were discussed in detail by Leclerc et al. (2011) and Bédard et al. (2009) , respectively, we focus here on the Doré Lake Complex. All samples analysed for this study record the effects of a metamorphic overprint. Field and petrographic observations, however, indicate that the degree of metamorphic alteration varies from sample to sample, and outcrop to outcrop. Geochemically altered samples are identified as "least altered" and "most altered" samples using the magnitude of their Ce anomalies (i.e., Ce/Ce* < 0.9 or Ce/Ce* > 1.1) and the extent of their carbonate and silica alteration (see Polat and Hofmann 2003) . Samples that are identified as "most altered" are not used for petrogenetic interpretation. Scanning electron microscope BSE images and EDS analyses indicate that "most altered" samples contain higher abundances of calcite, titanite, rutile and ilmenite (Figs. 8, 9 , 10, 11). Widespread occurrences of epidote and chlorite Sr regression plots for the anorthosites and leucogabbros in the Doré Lake Complex. Gabbro and mafic dyke samples are excluded from the plots because they are not cogenetic with the anorthosite and leucogabbro samples as suggested by major and trace element plots (see Figs. 13, 14) . Reference isochrons are from Machado et al. (1986) . Isoplot 3.75 (Ludwig 2003) was used to generate the regression plots suggest that the Doré Lake Complex and the Roy Group underwent extensive hydrothermal alteration, resulting high LOI (3-10 wt%) values (Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12; Supplementary Tables 1 and 2) .
Most large ion lithophile elements such as K 2 O, Na 2 O, Rb, Ba, Sr, Pb and Li display large variations in the same rock type (Supplementary Tables 1 and 2) , which is consistent with their extensive mobility during metamorphic alteration (cf., Ludden et al. 1982; Polat and Hofmann 2003; Ordóñez-Calderón et al. 2008 . Similarly, some transition metals such as Ni, Cr and V show large scatter in the same rock type, suggesting the high mobility of these elements during metamorphism. The most resistant elements to metamorphic alteration are Th, REE and HFSE. Incoherent trace element patterns in the "most altered" samples indicate that Th, REE and HFSE were also variably mobile in these samples (Figs. 15d, 16c, 17c, 18b) . Group 4 anorthosites, Group 3 leucogabbros and Group 2 mafic dykes and gabbros are designated as "most altered" on the basis of petrographic observations, the magnitude of Ce anomalies, and incoherent trace element patterns (Figs. 15, 16, 17) . "Most altered" basalts in the Obatogamau Formation contain 5-10% quartz and 5-10% calcite amygdules, and 10-15% epidote (Figs. 12d, e, 18b Nd (2624 ± 160 Ma) errorchron age, within uncertainty, agrees with the ca. 2728 Ma zircon U-Pb age of the quartz-bearing pyroxenite and granophyre (Mortensen 1993) . This suggests that the Sm-Nd isotope system was more robust than the Rb-Sr and U-Pb isotope systems during metamorphic recrystallization. Nonetheless, the large uncertainty in the 2624 ± 160 Ma errorchron age and MSWD (78) suggest that the Sm-Nd system also underwent some disturbance during metamorphism. The samples collected from high-strain locations contain 15-20% sericite and muscovite (Figs. 9, 11) , reflecting alkaline metasomatism. Metasomatized (e.g., DL2014-79) and sheared (DL2014-86 and DL2014-87) samples have initial εNd values >+5. Accordingly, we attribute these high initial εNd values to the fractionation of Sm/Nd during metamorphism and deformation, rather than to extremely depleted mantle-source domains beneath the Northern Volcanic Zone of the Abitibi subprovince.
The δ 18 O of the anorthosites (+6.05 to +7.85‰) and fresh plagioclase (+6.22 to +7.11‰) separates are similar to the isotopic composition of mantle-derived, primary igneous plagioclase (cf., Eiler 2001) . Similarly, they are comparable to the δ 18 O of the 2970 Ma Fiskenaesset and the ca. 2720 Ma Bad Vermilion Lake anorthosite complexes (Polat and Longstaffe 2014; Zhou et al. 2016) . The much wider range of δ 18 O in the altered plagioclase separates (+4.77 to +7.96‰) is consistent with alteration over a range of metamorphic conditions, with the lowest values interpreted to be the product of high-temperature hydrothermal alteration (cf., Manning et al. 1996; Bosch et al. 2004 ). δ
18 O values between +7.16 and +7.96 in altered plagioclase reflect low-temperature (<300 °C) hydrothermal alteration (cf, Staudigel 2003) .
Mantle source characteristics and petrogenesis
Understanding the mantle source characteristics and petrogenesis of layered intrusions is essential for deciphering their geodynamic setting. The large positive initial εNd values of the Doré Lake Complex (εNd = +2.6 to +5.0) and the Roy Group (εNd = +2.8 to +4.0) are consistent with long-term depleted mantle-source compositions for these rock associations ( Fig. 20; Supplementary Table 3 ). The Nd and O isotopic compositions of the Doré Lake Complex and Obatogamau Formation rule out any significant crustal contamination (Supplementary Tables 3 and  6) . Similarly, the Nd isotopic compositions of volcanic rocks (εNd = +2.0 to +5.0) and TTGs (εNd = +1.0 to +3.7) in different parts of the Abitibi subprovince are collectively consistent with depleted mantle sources and rule out any significant contamination of mantle-derived magmas by older continental crust (Dupré et al. 1984; Machado et al. 1986; Vervoort et al. 1994; Dostal and Mueller 1996; Lahaye and Arndt 1996; Bédard and Ludden 1997; Lesher et al. 1997; Davis et al. 2000; Ayer et al. 2002) . Collectively, these results suggest that the entire subprovince originated predominantly from depleted mantle sources between 2750 and 2680 Ma. The higher εNd values (+5.0) might represent either small-scale heterogeneities in the mantle or Sm/Nd fractionation during metamorphism (cf., Lahaye and Arndt 1996) . The presence of inherited zircon grains in younger magmatic rocks in the Abitibi subprovince is consistent with the reworking of 10-50 Ma older rocks during younger tectono-magmatic events .
Rocks analysed for this study plot as two distinct suites on many binary major and trace element diagrams (Figs. 13, 14) . Suite 1 includes the anorthosites and leucogabbros of the Doré Lake Complex, whereas Suite 2 consists of the gabbros and mafic dykes of the Doré Lake Complex plus the basalts and gabbros of the Obatogamau Formation in the Roy Group. These geochemical characteristics suggest the presence of two different magmatic suites in the Doré Lake Complex. Previous geochemical studies have suggested a calc-alkaline affinity for the Doré Lake Complex and the felsic rocks of the Waconichi Formation in the Roy Group, and a tholeiitic affinity for the basalts of the Obatogamau Formation Leclerc et al. 2011) . Our data concur with these previous studies. Field relationships indicate that the gabbros and mafic dykes in the Doré Lake Complex, at least the ones sampled by this study, are younger than the anorthosites and leucogabbros (Figs. 5, 6 ), suggesting that they intruded after 2728 Ma. Although the absolute ages of these gabbros and mafic dykes are currently unknown, their depleted mantle model ages are consistent with an Archean origin (Supplementary Table 3 ). Given the presence of geochemically and mineralogically similar rock types in the middle and upper sections of the Roy Group ( Fig. 3 ; Bédard et al. 2009; Leclerc et al. 2011) , the gabbros and mafic dykes in the Doré Lake Complex are likely to be Nd versus ε Nd (t) for the Doré Lake Complex (modified from Henry et al. 1998) . Altered anorthosite samples are excluded. CC continental crust, A diorite to granodiorite, B intermediate-to-felsic rocks, C basalts, AN anorthosite,
LG leucogabbro, GB gabbro, MD mafic dyke, OF-GB Obatogamau Formation gabbro; GRANITOIDS data from Béd-ard and Ludden (1997) ; VER data (basalt, basaltic andesite, rhyolite, tonalite-trondhjemite) from Vervoort et al. (1994) ; DUP data (komatiites) from Dupré et al. (1984) ; LAH: data (komatiite) from Lahaye et al. (1995) the counterparts of similar rock types in the Roy Group. The mafic dykes might also represent the feeder system of the mafic volcanic rocks in the Roy Group. We do not claim, however, that all gabbros in the Doré Lake Complex have a different magmatic origin from the anorthosites and leucogabbros in the complex. Our samples, except DL2014-37, were collected from gabbroic pods rather than gabbros interlayered with the anorthosites and leucogabbros. The large positive initial εNd values of the gabbro pods (εNd = +2.6 to +3.4) and mafic dykes (εNd = +3.6 to +3.8) in the Doré Lake Complex are similar to those of the gabbros (εNd = +2.8 to +4.0) of the Obatogamau Formation, consistent with long-term depleted mantle sources, as found for mafic rocks in other parts of the Abitibi subprovince (see Ayer et al. 2002) . Different REE patterns (Figs. 15, 16 ) for the least altered anorthosites and leucogabbros likely reflect different crystal mush compositions rather than different source compositions, although different depths of partial melting cannot be ruled out. Melts of the samples with Gd/Yb cn >1.3 likely originated at depths of garnet stability (>80 km).
All rock types analysed for this study share the negative Nb anomalies, relative to LREE and Th, of modern subduction zone-derived igneous rocks (cf, Saunders et al. 1991; Hawkesworth et al. 1993; Murphy 2007) . Similarly, the mafic-to-felsic volcanic rocks of the Roy Group (Leclerc et al. 2011 ) and the mafic-to-ultramafic sills of the Cummings Complex ) share the negative Nb anomalies of modern arc magmas. In addition, model melt compositions from the Roy Group and Cummings Complex sills also display variable Nb depletion relative to Th and La on trace element diagrams (see Fig. 12 in Bédard et al. 2009 ). However, Bédard et al. (2009) and Leclerc et al. (2011) did not attribute the origin of the negative Nb anomalies in the Cummings Complex and the Roy Group to any particular tectonic setting.
Trace element inversion calculations presented by Béd-ard et al. (2009) for the Doré Lake Complex are consistent with a dominantly calc-alkaline composition. On the basis of similar ages and geochemical affinities, Bédard et al. (2009) and Leclerc et al. (2011) suggested that the Waconichi and the Doré Lake Complex are genetically linked in that the Doré Lake Complex represents the magma chamber for the felsic tuffs of the Queylus and Allard Members of the Waconichi Formation. Bédard et al. (2009) used the equilibrium distribution method (EDM) and trapped melt fraction (TMF) method to determine the composition of the melts from which the cumulate rocks in the Roy Group and Doré Lake Complex were derived by fractional crystallization. Calculated model melt compositions for their sample 3001a have slightly enriched LREE patterns, positive Eu anomalies, strongly enriched Th, and large negative Zr and Nb anomalies on an N-MORB-normalized diagram (see Fig. 12 in Béd-ard et al. 2009 ). Calculated model melt compositions for sample 3001b of Bédard et al. (2009) is characterized by strongly enriched LREE and Th patterns, positive Eu anomalies, and large negative Zr, Ti and Nb anomalies (see Fig. 12 in Bédard et al. 2009 ). These patterns are based on realistic assumptions and robust calculations; therefore, they are likely representative of the melts from which the anorthosites and leucogabbros of the Doré Lake Complex were derived, providing important constraints on the melt composition of the complex. As pointed out by Bédard et al. (2009) , model melts patterns calculated for the Doré Lake Complex rocks are very similar to those for the calcalkaline volcanic and pyroclastic rocks of the Waconichi Formation, suggesting a cogenetic relationship between the two suites of rocks. Trace element patterns of calculated melt compositions for the Doré Lake Complex are indistinguishable from those of modern arc magmas (see Murphy 2007) .
Although the anorthosites and leucogabbros of the Doré Lake Complex share the subduction zone trace element systematics of the basalts and gabbros of the Obatogamau Formation (Figs. 15, 16, 18 ), a direct petrogenetic link through fractional crystallization between the two suites appears unlikely for the following three main reasons: (1) the parental magmas to the anorthosites and leucogabbros of the Doré Lake Complex have a calc-alkaline affinity ), whereas the parental magmas to the Obatogamau basalts and gabbros have a tholeiitic affinity (Leclerc et al. 2011 (Fig. 14) . Collectively, we suggest that the Doré Lake Complex and the spatially associated basalts and gabbros of the Obatogamau Formation formed in a similar tectonic setting, but had different petrogenetic origins.
Geodynamic setting
Although the Abitibi subprovince is one of the most studied Archean terrains in the world, its geodynamic origin is still a subject of intense debate (Thurston 2002; Ayer et al. 2002; Daigneault et al. 2002; Moyen and van Hunen 2012; Bédard et al. 2013; Wyman 2013) . Numerous field and geochemical studies Kimura et al. 1993; Sutcliffe et al. 1993; Jackson et al. 1994; Mueller 1996, 1997; Mueller et al. 1996; Bédard and Ludden 1997; Lacroix et al. 1998; Calvert and Ludden 1999;  1 3 Wyman 1999 Wyman , 2013 Chown et al. 2002; Wyman et al. 2002; Daigneault et al. 2002 Daigneault et al. , 2004 Frieman et al. 2017) have shown that the geological evolution of the Abitibi and neighbouring Opatica and Pontiac subprovinces can be best explained by subduction-driven accretionary processes similar to those that operate at modern convergent plate margins.
The subduction-driven tectonic accretionary models proposed for the Abitibi subprovince have recently been challenged by several studies that exclude the operation of modern-style subduction zone processes in the Archean (Thurston 2002; Bédard 2006; Bédard et al. 2013; Bédard and Harris 2014) . Subduction-free models, however, cannot provide a satisfactory explanation for the presence of multiple phases of deformation, including large-scale strike-slip and thrust faults, diverse geochemical signatures, structurally bound diverse lithotectonic assemblages, and arc-plume interactions (Benn et al. 1992; Kimura et al. 1993; Corfu 1993; Lacroix and Sawyer 1995; Jackson and Cruden 1995; Dostal and Mueller 1997; Bédard and Ludden 1997; Kerrich et al. 1998; Calvert and Ludden 1999; Sproule et al. 2002) . In addition, studies of granitoid rocks in the Abitibi subprovince (Sutcliffe et al. 1993; Bédard and Ludden 1997; Chown et al. 2002) have shown that the origin of these rocks is closely related to tectonic processes and that they have subduction zone geochemical signatures that are consistent with the construction of the Abitibi subprovince by subduction-accretion processes. Ayer et al. (2002) proposed that supracrustal belts in the Southern Volcanic Zone formed as autochthonous rather than allochthonous assemblages and they identified nine such supracrustal assemblages. These assemblages include both plume-and subduction-derived volcanic rocks, with depleted mantle Nd and Hf isotopic signatures. Autochthonous deposition of the volcanic rocks in the Southern Volcanic Zone, however, does not rule out the operation of plate tectonics in the Archean. For example, the Permian Siberian, Cretaceous Deccan, Karroo, and Cenozoic Basin and Range basalts were all deposited as autochthonous sequences during the operation of plate tectonics in the Phanerozoic.
The trace element patterns of the anorthosites, leucogabbros, gabbros and mafic dykes in the Doré Lake Complex and the spatially associated basalts and gabbros in the Obatogamau Formation are collectively consistent with a suprasubduction zone tectonic setting (Figs. 15, 16, 17, 18) . Similarly, rocks in other formations of the Roy Group (see Bédard et al. 2009; Leclerc et al. 2011) share the trace element patterns of igneous rocks of modern convergent plate margins. On the basis of field relationships and rock types, Chown et al. (1992) suggested that the Northern Volcanic Zone resembles juvenile volcanic island arc and back-arc systems in the western Pacific Ocean. On the basis of trace element signatures, we suggest that the cycle 1 mafic volcanic rocks in the Obatogamau Formation and the Doré Lake Complex formed in a back-arc basin. We attribute the change from tholeiitic basalt and basaltic andesites with flat-to-slightly LREEenriched patterns and small negative Nb and Ta anomalies, to calc-alkaline dacites and rhyolites with strongly fractionated REE patterns and large negative Nb, Ta and Ti anomalies, with stratigraphic height in the Roy Group (see Leclerc et al. 2011) to either the evolution of the arc from a juvenile to a mature arc or to the closure of the back-arc basin.
Field and seismic studies indicate that the boundary between the Opatica and Abitibi subprovinces marks a major tectonic break (Chown et al. 1992; Jackson et al. 1994; Calvert et al. 1995; Lacroix and Sawyer 1995; Calvert and Ludden 1999; Daigneault et al. 2002) . The occurrence of anorthosite-bearing layered intrusions in the Abitibi subprovince such as the Doré Lake Complex at Chibougamau and the Bell River Complex at Matagami is restricted to its northern boundary with the Opatica subprovince Chown et al. 1992; Mortensen 1993 ). On the basis of these field and geophysical observations, we suggest that the anorthosite-bearing Doré Lake and Bell River Complexes mark the closure of a back-arc oceanic basin and thus represent a Neoarchean suture zone, like many Phanerozoic ophiolites. The emplacement of syntectonic intrusions in the study area between 2705 and 2690 Ma Chown et al. 1992 ) marks the time of the suturing event between the Abitibi and Opatica subprovinces.
Collectively, field, geochemical, geochronological and geophysical studies indicate that the Abitibi subprovince is a product of complex tectonic processes that vary in space and time and that involve the development of intra-oceanic arcs, accretion of arcs and oceanic plateaus, plume and arc interactions, and suturing events Jackson et al. 1994; Calvert and Ludden 1999; Mueller et al. 1996; Dostal and Mueller 1996; Wyman et al. 2002; Ayer et al. 2002; Daigneault et al. 2002 Daigneault et al. , 2004 Wyman 2013 ).
Conclusions
The following conclusions are drawn from this study of the Neoarchean (ca. 2728 Ma) Doré Lake Complex and spatially associated basalts and gabbros in the Obatogamau Formation of the Roy Group in the Chibougamau area, Abitibi subprovince:
1. Field, petrographic and SEM studies indicate that the Doré Lake Complex underwent extensive metamorphic recrystallization, resulting in the development of epidote group minerals (40-50%) at the expense of plagioclase and chlorite (20-30%) at the expense of mafic minerals. Although igneous cumulate textures are well preserved at many locations, almost all of the primary igneous minerals have been replaced by metamorphic counterparts. Back-scatter electron images and EDS analyses indicate that plagioclase is predominantly recrystallized to anorthite and albite endmembers, erasing the record of intermediate plagioclase compositions. The replacement of albite by sericite and muscovite in strongly sheared rocks is consistent with alkaline metasomatism. Values of δ 18 O as low as +4.8‰ for altered plagioclase are consistent with high-temperature hydrothermal alteration. The metamorphic alteration has mobilized many elements including Cr, Ni, V, Fe, Li, Rb, Sr, K, Na, U and Pb, leading to large variations of these elements in the anorthosites, leucogabbros, gabbros, mafic dykes and basalts. 2. Metamorphism has also disturbed the Rb-Sr and U-Pb isotope systems, resulting in 1935 ± 150 and 3326 ± 270 Ma errorchron ages, respectively. In contrast to the Rb-Sr and U-Pb isotope systems, the Sm-Nd isotope system is less disturbed, yielding an errorchron age of 2624 ± 160 Ma that within uncertainty agrees with the 2728 Ma crystallization age of the Doré Lake Complex. 3. Major and trace element data suggest that the anorthosites and leucogabbros in the Doré Lake Complex were derived from different magma compositions than the gabbroic pods and mafic dykes, implying the presence of two different magmatic suites in the complex. The gabbros (pods) and mafic dykes in the Doré Lake Complex are compositionally similar to the tholeiitic basalts and gabbros in the Obatogamau Formation of the Roy Group, suggesting a possible cogenetic relationship between the two. The anorthosites and leucogabbros display several different REE patterns, reflecting several different compositional batches of magmas/crystal mushes. 4. The large positive εNd values of the least altered anorthosites (+2.8 to +5.0), leucogabbros (+3.6 to +3.8), gabbros (+2.6 to +3.4) and mafic dykes (+3.0 to +3.8) are consistent with a long-term depleted mantle source for the Doré Lake Complex. The initial εNd and δ 18 O of the anorthosites (average +6.8‰), gabbros (average +6.8‰), and 'fresh' plagioclase (average +6.8‰) separates are inconsistent with extensive contamination of the complex by continental crust. Similarly, the Nd (εNd = +2.8 to +4.0) isotope and δ 18 O (average +7.7‰) of gabbros from the Obatogamau Formation of the Roy Group rule out extensive crustal contamination. These isotopic characteristics indicate that the Doré Lake Complex and the Obatogamau Formation of the Roy Group originated in an intra-oceanic setting that was distal from older continental sources. 5. The Doré Lake Complex and spatially associated volcanic and gabbroic rocks of the Roy Group share the REE-HFSE systematics of modern arc magmas. The enrichment of LREE relative to HREE and the depletion of Nb and Ta relative to La and Th in the Doré Lake Complex are consistent with an intra-oceanic suprasubduction zone setting. On the basis of regional geological characteristics and the geochemical compositions of the rocks in the Chibougamau area, we suggest that the Doré Lake Complex formed in a back-arc basin. 6. The boundary between the Abitibi and Opatica subprovinces marks a major tectonic break. The anorthosite-bearing layered intrusions, such as the Doré Lake Complex at Chibougamau and the Bell River Complex at Matagami, are restricted to the northern boundary of the Abitibi subprovince. It is suggested that these layered intrusions and associated volcanic rocks are remnants of a back-arc oceanic crust, representing an Archean suture zone.
